Abstract. Ni doping induces modifications and considerable changes in the optical, electrical and magnetic properties of ZnO films. In this work, the influence is discussed of Ni-doping (two nickel concentrations) and annealing temperature (ranging from 300 o C to 800 o C) on the structural and optical properties of sol-gel derived ZnO:Ni films. Uniform and smooth films were obtained by spin-coating on quartz and Si substrates. The ZnO:Ni films were crystallized in wurtzite phase with no impurity phases found for annealing temperatures up to 600 o C. The size of the crystallites was strongly affected by the Ni content and the heat treatment. Furthermore, the Ni doping improved the optical transparency of the sol-gel films, while the AFM studies showed that the film morphology and the roughness were influenced by the nickel doping.
Introduction
ZnO is considered as being one of the most important semiconductors due to its wide bandgap (3.37 eV), large exciton energy (60 meV), thermal and chemical stability and hexagonal crystal structure. The ZnO nanostructured films possess desirable optical, structural and electronic properties for applications in thin-film transistors, solar cells, gas sensors, UV light emitting diodes, field emitters, piezoelectric devices, photo detectors, flat screen displays, sun screens, spintronic devices, etc. [1] .
Doping the ZnO films modulates and changes their morphology, density of states, transmittance, bandgap, electrical conductivity, etc. [2] . Nickel is an important dopant, as Ni 2+ has an ionic radius of 0.069 nm, which is slightly smaller than that of the Zn 2+ ion (0.074 nm); thus, Ni 2+ ions should be able to substitute Zn 2+ in a ZnO matrix. ZnO:Ni films are being studied for potential applications in solar cells and memory devices [3] . Ni doping is a viable method of improving the sensing ability of ZnO by tuning the electronic band structure and modifying its energy levels and surface states. Since gas sensing is a surface phenomenon, where the sensing element's energy band bends upwards or downwards based on its interaction with an oxidizing or reducing gas, Ni can enhance the gas sensing properties [4] . ZnO films doped with Co, Ni, Fe have been widely studied as diluted magnetic semiconductors (DMS) [5] . Doped ZnO films exhibit magnetic behavior due to doping with transition metals and/or manifest magnetic properties through structural defects caused during the doped films' synthesis. The origin of ferromagnetism in nanostructured DMO‫׳‬s is still being explored and discussed [6] . ZnO doped films are deposited by pulse laser deposition, r.f. magnetron sputtering, molecularbeam epitaxy, CVD and ALD [7] . Among these methods, the sol-gel deposition has several advantages, such as inexpensive equipment, precise microstructural and chemical control, reproducibility, possibilities of engineering the films' properties. Preparation of high-quality ZnObased nanostructured films by the sol-gel technology has been reported earlier [8] .
In the present work, the effect is studied of adding Ni (two Ni concentrations) and varying the annealing temperature (300 o C  800 o C) on the structural, optical and morphological properties of solgel Ni-doped ZnO films.
Experimental
The preparation of sols for ZnO and nickel-doped ZnO deposition were described previously [9] . Briefly, 0.4 M Zn sol and 0.2 M Ni sol were mixed in two volume ratios: ZnO:Ni 0.4 (19.6 ml Zn sol:0.4 ml Ni sol) and ZnO:Ni 1 (19 ml Zn sol :1 ml Ni sol). The films were obtained by spin coating at 4000 rpm on Si and quartz substrates. The layer deposition procedure was repeated five times with pre-heating of 300 o C/10 min between layers. The ZnO:Ni films were annealed at temperatures ranging from 300 o C to 800 o C. A Bruker D8 XRD diffractometer (grazing angle 2 o , step time 8 s) was used for the structural study. The FTIR spectra were taken by an IRPrestige-21 Shimadzu FTIR Spectrophotometer. The optical measurements were carried out by a Shimadzu 3600 UV-VIS spectrophotometer. The atomic force microscopy (AFM) observation was performed by employing a PSIA XE150 SPM/AFM instrument equipped with an ACTA silicon cantilever (AppNano), a tip radius 6  10 nm operating in non-contact mode.
Results and discussions
The XRD patterns of ZnO and ZnO:Ni films annealed at 300 o C and 600 o C are presented in figure 1 ; as seen, the annealing temperature influences significantly the crystallization behavior of ZnO-based films. The undoped ZnO films improve their crystallization gradually as the annealing temperature is raised. The Ni-doped ZnO films exhibit a more complicated crystallization evolution. ZnO:Ni 0.4 and ZnO:Ni 1 films manifest an enhanced crystallinity for the annealing temperatures of 300 o C, 400 o C and 500 o C; then the crystallization degree deteriorates after the high-temperature treatment at 600 o C. Our earlier studies [9] o C reveals a broad peak at 2θ = 43.2 o related to NiO bunsenite (JCPDS 00-004-0835) [9] . The presence of a NiO fraction indicates that the solubility of Ni in ZnO matrix is limited and dependent on the deposition method [10] . Figure 2 presents the annealing dependence of the 002 peak's XRD intensity and of the average crystallite size as estimated from the XRD peaks (100, 002 and 101 reflections) by using Scherrer's formula. It is seen that the XRD intensity depends strongly on the annealing temperature. The crystallites grow bigger as the annealing temperature is raised up to 600 o C for both the ZnO and ZnO:Ni films. After annealing at 700 o C and 800 o C, the ZnO:Ni crystallites grow smaller, their sizes become comparable to those of the ZnO films treated at these temperatures. The XRD analysis leads to the conclusion that Ni doping results in improved film crystallinity. The higher doping concentration (ZnO:Ni 1 films) leads to narrower XRD lines, i.e., greater crystallites compared to those of the ZnO and ZnO:Ni 0.4 films.
We further conducted FTIR measurements to examine the effect of Ni doping on the vibrational properties of sol-gel ZnO films; the results are shown in figure 3 . Metal-oxygen characteristic absorptions are exhibited in the fingerprint region below 1000 cm -1 . Absorptions due to organic residues and water inclusions appear above 1000 cm -1 . The ZnO:Ni films annealed at 300 o C show clear absorptions at 3780 cm -1 (adsorbed water molecules [11] ) and broad bands near 3450 cm -1 (O-H stretching vibrations [12] and 367 cm -1 . Annealing at 600 o C induces stronger main absorption bands, shifted to 395 cm -1 (ZnO) and 376 cm -1 for the ZnO:Ni films. Weak lines at 680 cm -1 and 520 cm -1 are detected for all films. Adding Ni clearly results in a broadening of the absorption bands. The shifting to the infrared frequencies as the amount of the Ni 2+ dopant is increased may be due to a difference in the bond length, which confirms the incorporation of Ni 2+ in the ZnO lattice [15] . The absorption bands broadness can also point to a nanocrystalline nature of the films [12] . The FTIR studies did not indicate a presence of Ni oxide phases. This conclusion is in accordance with the XRD characterization. The ZnO films' thickness was found to be 160 nm. The film thicknesses of the ZnO:Ni 0.4 and ZnO:Ni 1 films are 150 nm and 140 nm, respectively. The difference in the thickness of the films studied was small and thus, the optical properties could be compared.
The transparency of ZnO and ZnO:Ni films worsened with the temperatures, which became more pronounced after the treatments at 700 o C and 800 o C. The optical bandgap values diminished as the annealing temperatures was increased, due to the bigger crystallite sizes. The optical bandgaps of ZnO:Ni 1 shows lower roughness parameters values, indicating a smoother surface with a closelypacked granular structure. This may explain its improved transparency. On the other hand, due to its rougher surface and, hence, more intensive light scattering, the ZnO:Ni 0.4 films exhibit a lower transmittance in the visible range. The conclusion we draw from the AFM study is that Ni-doping affect substantially the film surface morphology.
